Signatures of recent star formation in ring SO galaxies 



A. Marino, L. Bianchi • R. Rampazzo • D. Thilker 
• F. Annibali, A. Bressan, L.M. Buson 



o 

(N 



in 

u; 

^ : 
o ■ 



> 
m 
o 

o 



X 



Abstract Wc present a study of the stellar populations 
of ring and/or arm-like structures in a sample of SO 
galaxies using GALEX far- and near-ultraviolet imag- 
ing and SDSS optical data. Such structures are promi- 
nent in the UV and reveal recent star formation. We 
quantitatively characterize these rejuvenation events, 
estimating the average age and stellar mass of the ring 
structures, as well as of the entire galaxy. The mass 
fraction of the UV— bright rings is a few percent of 
the total galaxy mass, although the UV ring luminosity 
reaches 70% of the galaxy luminosity. The integrated 
colors of these SOs locates them in the red sequence 
(NGC 2962) and in the so-called green valley. We sug- 
gest that the star formation episodes may be induced by 
different triggering mechanisms, such as the inner sec- 
ular evolution driven by bars, and interaction episodes. 

Keywords Galaxies: elliptical and lenticular; Galax- 
ies: photometry; Galaxies: fundamental parameters; 
Galaxies: formation; Galaxies: evolution; Galaxies: Ul- 
traviolet imaging. 

A. Marino, L. Bianchi 

Dept. of Physics & Astronomy 
Johns Hopkins University 
3400 N. Charles St. 
Baltimore, MD 21218 

R. Rampazzo 

INAF Osservatorio Astronomico di Padova 
Vicolo deirOsservatorio 5 
1-35122 Padova, Italy 

D. Thilker 

Dept. of Physics & Astronomy 
Johns Hopkins University 
3400 N. Charles St. 
Baltimore, MD 21218 

F. Annibali, A. Bressan, L.M. Buson 

INAF Osservatorio Astronomico di Padova 
Vicolo dcirOsscrvatorio 5 
1-35122 Padova, Italy 



1 Introduction 



SO galaxies have been introduced by iHubble I (jl936[ ) 
in his "tuning fork" galaxy classification as a more 
or less hypothetical transition class between ellipticals 
and spirals. The bulge and the disk are the defin- 
ing structures of SOs. Later classification schemes 



de Vaucouleurs et al.l (119911 RC3 hereafter) and 



Sandage &: TammannI (|l987l RSA hereafter) take into 
account the presence of the several sub-structures de- 
tected within the SOs class: bars, inner and outer rings, 
as well as lenses (from here the widely used term of 
lenticulars as synonym of SOs) and ovals are often found. 

SOs arc, as a rule, admitted in the vast class of early- 
type galaxies (ETGs hereafter), together with Ellipti- 
cals, with which they share typically passively evolv- 
ing stellar populations. From an evolutionary point of 
view it is widely believed that SOs were initially spirals 
which lost their i nterstellar medium (IS M hereafter) 
during collisions (Spitzer fc Baad"3 1951 ) by "harass- 



ment" (Moore et al 



f )itzer 
199fih 



or by "ram-pressure" . Simu- 
lations show that such events could occur both in clus- 



ters ( 


Gunn & Gott 


1972 


) and in groups (see e.g. 


Bekki 


20091 


. 







From the kinematical point of view, genuine SOs are 
quite distinct from giant ellipticals since they are fast 
rotating, like late-type galaxies. At the same time, if 
SOs were originally spirals, they should have formed 
their mass over a significant fraction of the Hubble time, 
following a star formation history more similar to that 
of late-type galaxies rather than that of giant elliptical 
galaxies. In this context, our multi- w avelength study 
of nearby ETGs |Marino et al.ll2010al) shows that SOs, 
characterized through their luminosity profiles and by 



the lo w values of the n index of the Sersic law (jSersic 
Il968l ). have the lowest values of the a— enhancements 
{[a/Fe]) in the sample. The low [a/Fe] values suggest 
a "more prolonged" star formation in the SOs galaxies 
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with respec t to ellipticals in the sample (jAnnibali et al 



20071120101 see also Rampazzo et al. these proceedings). 



Several mechanisms, both internal and external to 
the galaxy, may be envisaged to produce the signature 
of a "prolonged" star formation. The removal of the 
ISM from a possible spiral precursor may quench the 
ongoing star formation transforming the debris in an 
SO with signatures of prolonged star formation, as well 
as an external "wet" accretion and/or the inner secu- 
lar evolution, e.g. driven by a t umbling bar (see e.g. 
van den Bosch fc Emsellem 19981) . 



The Galaxy Evolution Explorer satellite (GALEX 
hereafter) has widely contributed to explore the above 
mechanisms. "Wet" accretions, and the rejuvenation of 
the stellar population, h as been evidenced in ETGs (see 
e.g. iMarino et alll2009l and Rampazz o et aL in these 
proceedings). Recently, Thilker et al. ( 2010l ) found in 
NGC 404, a nearby well known SO, an external ring- 
like structure with signature of recent star formation. 
70% of the FUV comes from an HI ring forming stars 
at a rate of 2.5xlO~^Mo yr~^. The structure has been 
likely produced by a "wet accretion/merger". Along 
this line, using GALEX we analyze five SOs, showing 
outer rings and / or arm-like structures, from the sam- 
ple of iMarino et al. I (l2010afl ) aiming at understanding 
the nature of the ring and to map possible star forma- 
tion episodes. 



2 The sample 



Fig. 1 Composite GALEX images (FUV=blue and 
NUV=yellow; left panels) and SDSS ((7=blue, r-=green, 
z=red; right panels) color composite images of the SO galax- 
ies NGC 1533, NGC 2962, NGC 2974, NGC 4245 and NGC 
5636 and of the elliptical NGC 5638. The outer ring struc- 
tures appear in the UV less smooth than in optical (in spite 
of the SDSS higher resolution) and bluer than the nucleus, 
suggesting the presence of young stellar populations 



The sample includes five SO galaxies: NGC 1533, 
NGC 2962, NGC 2974, NGC 4245 and NGC 5636 (in- 
teracting with NGC 5638, an elliptical galaxy). No- 
tice that NGC 2974 is erroneously classified as elliptical 
both in RC3 and RSA, although an exponential disk is 
evid ent from the optical and UV luminosity profiles (see 
also Ijeong et all l2007i l2009t IMarino et al.lboiOal) . In 



addition, in NGC 2974 iKrainovic et al.l (120051) f ound 



with SAURON observations ( de Zeeuw et al.l 12003) . the 



existence of non-axisymmetric perturbations consistent 
with the presence of inner bars. Summarizing, all galax- 
ies in the present sample are barred SOs. 

In some of these galaxies the literature reports sig- 
natures of both possi ble recent accretion events and of 
ongoing interaction. iTal et al. I (I2OO9I) report the pres- 
ence of a shell system surrounding NGC 2974, a sig- 
nature of a minor merg in g event ( Dupraz &: Comb^ 
1986t lEbrovaet al.l 120091) . Iwerk et al.l |2010l ) detected 
a large HI structure (see her Figure 7) extending for 
several kiloparsec outside NGC 1553 towards the in- 
teracting companion, IC 2038. In the HI cloud, well 
outside the NGC 1553 ring, OB associations are also 
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Fig. 2 In the top right panel the optical and UV surface brightness profiles of NGC 5636 are plotted. Blue filled circles 
represent FUV, empty red circles NUV, and magenta empty squares SDSSr. For comparison, the smooth FUV, NUV and 
r surface brightness profiles of the elliptical NGC 5638 are shown in the top left panel. In the bottom panels the full 
dots represent the FUV, NUV, u, g, r, i, z spectral energy distribution of these galaxies. Best fit models, assuming only 
foreground extinction, are indicated with continuous lines (see text). Ages, derived from SED fitting, are reported in Myrs 



found. iDeGraaff et al.1 (|2007l ) describes this galaxy as 
a late stage of transition from a barred spiral to a barred 
SO galaxy. 

All SOs belong to low density environments since 
they are members of loose groups of galaxies. NGC 
1533 is member of the Dorado group. NGC 2962, 
NGC2974, NGC 5636 and its elliptical companion 
NGC 5638, belong to L GG 178 LG G 179, LGG 
386 groups, respectively jCarcia I Il99i ). NGC 4245 
is located in the spi ral-dominated group USGC-U478 
( Ramella et~alll2002l ). 



5830 A], r [5380-7230 A], i [6430-8630 A] and z [7730- 
11230 A] bands. 

Table 1 Journal of the GALEX observations 



Idcnt. 


FUV 


NUV 


Observing 




Expos. 


Expos. 


program 




[sec] 


[sec] 




NGC 1533 


1520 


3152 


GI3 087004 


NGC 2962 


2297 


2297 


MISWZN09.24136.0336 


NGC 2974 


2657 


2657 


GI1.109006 


NGC 4245 


1680 


1680 


GI3.041006.NGC4245.0001 


NGC 5636 


1704 


1704 


MISDRl.33739.0535 



3 Observations 



4 The UV-bright outer rings 



UV i r naging was obtained w ith GALEX ([Martin et al.l 
2005t iMorrissev eraP l2007t l in far-Ultraviolet (FUV, 
1344 - 1786 A) and near-Ultraviolet (NUV, 1771 - 2831 
A) bands. The journal of the GALEX observations is 
given in Table 1. In Figure 1 we show the composite 
UV and optical images of the galaxies. 

Ancillary optical data for NGC 2962, NGC 4245, 
NGC 5636 were also retrieved from the SDSS archive 
( Adelman etldlboosh in the u [2980-4130 A], g [3630- 



NGC 1533 UV image shows an incomplete, clumpy 
ring-like structure, while NGC 2962, NGC 4245 and 
NGC 5636 which have well defined and complete rings, 
although not uniform, in the FUV and NUV bands. 
Spiral arm-like structures are visible in both NGC 2962 
and in NGC 2974. Both the ring and the arm-like struc- 
ture appear bluer than the nucleus and the galaxy body. 
The bar present in the optical images of the galaxies 
are barely visible in the FUV and NUV images. In all 
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but NGC 2962 and NGC 5636 rings are within the D25 
isophote. 

In Figured (top panel) we show the FUV, NUV and 
r bands surface brightness profiles of NGC 5636 and, for 
comparison, the smooth profiles of the elliptical com- 
panion NGC 5638, obtained with the ELLPISE routine 
in the STSDAS package of IRAF. Rings produce a hump 
in the surface brightness profiles, more prominent in 
FUV and NUV than in optical. Outer rings are bluer 
than the body of their respective galaxies indicating the 
presence of young stellar populations. 

We compute FUV, NUV and optical magnitudes of 
the outer ring structures using surface brightness pro- 
files after subtracting th e galaxy contribution as de- 
scribed by iMarino et aP |2010bh . About 25%, 71%, 
30%, 33% and 60% of the total FUV luminosity of 
NGC 1533, NGC 2962, NGC 2974, NGC 4245, NGC 
5636 comes from the ring structure. 

We also compute the total galaxy magnitude in the 
AB system integrating the sky-subtracted UV and op- 
tical galaxy light within concentric elliptical apertures 
enclosing the galaxy. This aperture photometry pro- 
vides the FUV to near-Infrared spectral energy distri- 
bution (SED hereafter) of our galaxies. In Figure [2] 
we plot, as an example, the SEDs of NGC 5636 and 
of the companion elliptical galaxy NGC 5638 (see next 
section). 



5 Characterizing the star formation history 

We aim at characterizing the strength and the epoch of 
the rejuvenation episodes in SOs by estimating the ages 
and stellar masses of the outer rings and of the entire 
galaxy. 

To this purpose, we compare the observed SEDs with 
popul ation synthesis m odels computed with the GRASIL 
code ( Silva et al. 19981) which takes into account the ef- 
fects of the internal extinction. The star formation his- 
tory (SFH) and the Initial Mass Function (IMF), the 
metallicity and the residual gas fraction are given as in- 
put parameters of the code. We adopted two different 
SFHs: one typical of elliptical galaxies, characterized 
by a short (1 Gyr) and intense period of star forma- 
tion followed by pure passive stellar evolution, and the 
other one, typical of spirals with a more prolonged SF. 
We used a Salpeter IMF with a mass range between 
0.15 and 120 Mq for el lipticals and betw een 0.1-100 
Mq for spirals following ISilva et al.l (|l998l ). A gas time 
infall tinf =0.1 and 4 Gyr and a star formation efficiency 
1^=2 and 0.6 have been used for elliptical and spirals re- 
spectively. The code computes the integrated spectrum 
taking into account the stellar and gas budget at any 
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Fig. 3 Top: (NUV-r) vs (FUV-NUV) measurements of 
outer ring structures (triangles), and total (colored filled 
circles) of NGC 2962, NGC 5636, N GC 4245. We also plo t 
NGC 3489, an SO in the sample of iMarino et al.1 (|2010al '). 
showing b lue arm-like s t ructure s. Black open circles plot 
ETGs in IMarino et al.l (|2010al ) without ring structures. 
Blue lines represent GRASIL model colors for disk- type SFH 
with different extinction (E(B-V) = 0, 0.1, 0.3 from thin 
to thick lines) and inclination (solid line i=0°, dashed line 
i=90°). Red lines are GRASIL model colors for E-type SFH 
(passive evolution). The UV-rising part in E-type models at 
old ages is due to post-AGB stars. Numbers on the model 
lines are ages in Gyrs 



age. It includes the effect of the age-dependent extinc- 
tion with young stars being more affected by dust. 

In Figure [5] (bottom panels) we plot SEDs of NGC 
5636 and NGC 5638, obtained integrating the light 
of the entire galaxy, and the best-fit model obtained 
adopting an Elliptical SFH. 

The cUiptical NGC 5638 is weU fitted with an old 
age (12 Gyr) of the stellar population. The case of the 
ring SO companion NGC 5636 is quite different: the 
observed SED shows a FUV excess with respect to the 
best-fit model assuming foreground extinction of 0.04 
indicating that a simply passive SFH is inappropriate. 
Ages and stellar masses of the outer ring structures were 
estimated using FUV and NUV measurements because 
only upper limits can be derived from the SDSS images. 
For the ring structures we derive very young ages (< 
200 Myr) adopting a Single Stellar population (SSP), 
and 1 Gyr with an Elliptical SFH while assuming 
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Spiral SFH ages are between 2 and 4 Gyr. The stellar 
mass of the outer rings is about 1-4%, 1%, 1% and 5-8% 
of the total stellar mass of NGC 1533, NGC 2962, NGC 
2974, NGC 4245, NGC 5636, re spectively (details are 
provided in lMarino et al.ll2010bl ). 

Combining the UV and the SDSS photometry we 
plot in FigureHthe (FUV-NUV) vs. (NUV-r) color di- 
agram for ring structures (triangles), the total SO ring 
galaxies (f ull dots) and ETGs w ithout ring (open cir- 
cles) from iMarino et all |2010a|) . In the (FUV-NUV) 
vs. (NUV-r) plane rings and entire galaxies appears 
well separated in color. The two sets of GRASIL models 
are also shown to help in interpreting the data. The 
color of the rings are compatible either with models for 
a continuous SFH (blue lines) or with the SFH adopted 
for elliptical (red lines) but in the very young (< 1 Gyr) 
phase. The global colors of the galaxies plotted in the 
figure are affected by the younger (bluer) rings so that, 
on the average, the galaxy appears in all rejuvenated, in 
particular the cases of NGC 5636 and NGC 4245. No- 
tice j_Jioweverj_tlmta^Jajg fraction of the ETGs from 
the iMarino et al.l (|2010al ) sample appear quite old ob- 
jects. 

In Figure m we plot the (NUV-r) vs. color mag- 
ni tude relation for our g alaxies and the sample of ETGs 



Marino et al.l (|2010al ) . ETGs define, with a large dis- 



persion, the red sequence in this plane. SOs with rings 
like NGC 4245 and NGC 5636 are located in the so 
called green valley, where evolving objects are found, 
while the ring structures are located in the blue se- 
quence. 



6 Star Formation triggering mechanisms 

The blue, star forming rings in NGC 4245, NGC 5636 
and NGC 1533 are located at the end of the bar struc- 
ture. The optical and UV images, shown in Figure [U 
suggests that NGC 2962 has two rings, one at the edge 
of the bar, the other is an outer ring. Only the outer 
ring in NGC 2962 is visible in UV GALEX images. The 
structure of the ring and the outer features detected in 
NGC 2974 arc reminiscent of the NGC 2962 case, which 
is seen more face-on. We remind the presence o f a she ll 
structure in NGC 2974 revealed bv iTal et all (|2009l ). 
Shell structures suggest the occurrence of an accretion 
phenomenon. 

According to different statistical estimations, the 
outer rings are observed in a significant fraction, up to 
20—30%, of spiral and lenticular galaxies and are closely 
associated with the non-axisymmetric structures like 
bars, ovals or triaxial bulges. Distinct ring structures 
are often found in the same galaxy (jEmsellem et al. 



CO 

E 



I 

> 

3 



CO 



CM 



CD 



NGC 2962 
NQG 4246 
NGC 5636 
NGC 3489 



V 



n \ \ \ \ 

-22 -20 -18 -16 -14 
Mr [mag] 

Fig. 4 Mr vs {NUV — r) measurements of the outer ring 
structures only (triangles), of the central portion (empty 
circles) and of the total extent (filled circles) of NGC 2962 
(red), NGC 5636 (green), NGC 4245 (blue) a nd NGC 3489 

1 magen ta) . Black open circles plot ETGs in IMarino et al.l 
ioioi) witho ut ring structures . NGC 2962 is in the red 
sequence (e.g. ISalim et al.ll2007l ) while rings lie the blue se- 
quence. NGC 3489, NGC 4245 and NGC 5636 lie in the so 
called green valley 



19961) . In terms of the theory, the empirical sub- 
division of the rings into nuclear, outer and inner 
corresponds to the inner, outer Lindblads and ultra- 
harmonic dynamical resonances between the epicyclic 
oscillations in the stellar compon ent and rotation of 
the b ar (see the kinematic review of lMoiseev fc Bizvaev 
20091) . The literature reports cases of rings without bar 



which are explained by weakly triaxial distortions, or 
by tidal actions from a gravitationally bounded com- 
panion, since the non-axisymmetric gravitational per- 
turbations in these cases are similar to those from a bar 



(|Moiseev fc Bizvaevll2009l) . 

Although NGC 2974 may have suffered an accretion 
event, we suggest that rings in our barred SOs sam- 
ple are an effect of t he secular (inner) evolution (see 
also lJeong et al.ll2007l ). The tumbling bar redistributes 
gas angular momentum, and the gas ac cumulates at the 
Lindblad's resonances (see a review by Buta fc Combed 



19961) where the star formation may take place. No- 
tice that in NGC 1533 the HI is located outside the 
galaxy ring: the masses of the outer rings do not re- 
quire a large gas supply, and are consistent with these 
strcutures having f ormed from mass loss by the olde r 
population of stars ( van den Bosch &: Emsellem 19981) . 

Kinematics observations will be crucial to fully char- 
acterize the phenomenon. 
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